Functional and/or structural measurements were performed in eight groups of Munich-Wistar rats after five-sixths nephrectomy. Groups 1 and 5 received no therapy. Groups 2 and 6 received daily doses of methylprednisolone (MP). Groups 3 and 7 received MP plus the angiotensin I converting enzyme inhibitor (CEI), benzazepril. Groups 4 and 8 received CEI alone. Groups 1 through 4 underwent micropuncture study 2 wk after renal ablation. Untreated group 1 rats exhibited systemic hypertension and elevation of the single nephron glomerular filtration rate due to glomerular capillary hyperperfusion and hypertension. Administration of MP in group 2 resulted in comparable systemic hypertension, with further elevation of the single nephron glomerular filtration rate due to even higher values for glomerular perfusion and hydraulic pressure. Concurrent treatment with CEI in groups 3 and 4 controlled systemic and glomerular hypertension despite equivalent renal ablation and, in group 3, comparable doses of MP. Groups 5 through 8 were followed for 12 wk. Untreated group 1 rats demonstrated continued systemic hypertension, progressive proteinuria, and eventual glomerular sclerosis. Addition of MP in group 6 dramatically accelerated the development of proteinuria and glomerular sclerosis, while CEI (groups 7 and 8) afforded striking protection against disease progression. Thus, potent vasodilator glucocorticoids may amplify hemodynamically mediated glomerular injury, whereas control of systemic and glomerular hypertension prevents this undesirable consequence of chronic steroid therapy.
Introduction ticoids may be related to inadequate suppression of immunologic mechanisms of glomerular injury. Alternatively, we hypothesized that potent vasodilator steroids, which are known to increase glomerular perfusion and filtration (5) (6) (7) (8) (9) , might contribute a hemodynamic burden to involved glomeruli, and thereby offset the potential benefit of the antiinflammatory action of these drugs.
Elevations in glomerular capillary pressures and flows have been associated with progression of renal injury in several experimental models, including surgical reduction of renal mass (10) (11) (12) , streptozotocin-induced diabetes mellitus (13, 14) , and mineralocorticoid-salt hypertension (15) . In each of these models, increases in the single nephron glomerular filtration rate (SNGFR)' result from elevations of the glomerular capillary plasma flow rate (QA) and the mean glomerular transcapillary hydraulic pressure gradient (AP) . That these glomerular hemodynamic derangements contribute to structural injury is suggested by the findings that maneuvers which limit these increases in pressures and flows afford morphologic protection (10) (11) (12) (13) (14) (15) (16) . Reduction of SNGFR, QA, and AP with dietary protein restriction limits glomerular injury in each ofthese models (13, 15, (17) (18) (19) . Alternatively, selective control of glomerular capillary hypertension with angiotensin I converting enzyme inhibitor (CEI) therapy limits glomerular injury in rats with renal ablation (1 1, 12) or diabetes (14) without affecting the supranormal plasma flow and filtration rates.
Conversely, maneuvers such as uninephrectomy (20, 21) or high protein feeding (17), which augment glomerular capillary pressures and flows, are associated with accelerated rates of progression. Chronic administration of pharmacologic doses of glucocorticoid hormones results in significant increases in glomerular filtration rate (GFR) in dogs (6) , rats (5, 7) , and humans (8, 9) . In a micropuncture study of normal rats, Baylis and Brenner (5) found that administration of methylprednisolone (MP) resulted in single nephron hyperperfusion and hyperfiltration.
To examine the potential role ofglucocorticoids to accelerate renal disease, we studied the hemodynamic and morphologic effects of chronic glucocorticoid administration in rats with renal ablation. This non-immunologic model was chosen, rather than an immunologically mediated form of renal disease, to avoid the uncertainties in evolution of progressive injury that would result from variable modification of the inflammatory processes intrinsic to immunological injury.
Methods
Eight groups of male Munich-Wistar rats with initial weights of 220-250 g were used in these studies. All (22) , is comparable to pharmacologic doses (1 mg prednisone/kg) used clinically. Groups 3 and 7 (MP/CEI) received MP in the same dose plus the CEI, benzazepril (Ciba-Geigy Pharmaceutical Co., Summit, NJ), at a dose of 100 mg/liter in the drinking water, starting 5 d after ablation. Groups 4 and 8 received the CEI alone, at a dose of50-100 mg/liter, in the drinking water, starting 5 d after ablation. Groups 1 through 4 (each n = 7-8) underwent micropuncture study 2 wk after ablation. Groups 5 through 8 (each n = 8-12) were followed for 12 wk after ablation, at which time their remnant kidneys were perfusion fixed for evaluation of structural damage.
Systolic blood pressure was measured every 2 wk in all rats in the conscious state by the tail-cuff method (23) . 24-h urinary total protein excretion was measured in groups 5 through 8 at 3, 6, 9 and 12 wk after ablation.
Micropuncture studies. Groups 1 through 4 underwent micropuncture studies 2 wk after ablation. Rats were anesthetized with inactin (100 mg/kg body weight i.p.) and placed on a temperature-regulated table. Immediately after the induction of anesthesia, the left femoral artery was catheterized with PE-50 polyethylene tubing, followed by a baseline collection of 21O0 Ml of arterial blood. This arterial catheter was used for subsequent periodic blood sampling and estimation of mean arterial blood pressure (AP). AP was monitored with an electronic transducer (model P23Db; Statham Instruments Div., Gould Inc., Oxnard, CA) connected to a direct writing recorder (model 2200S; Statham Instruments Div., Gould Inc.). After tracheostomy, polyethylene catheters were also inserted into the jugular veins for infusions of inulin and plasma. Intravenous infusions of isoncotic rat plasma and 4% inulin solution in 0.9% NaCl were started at rates of6.0 and 1.2 ml/h, respectively. The left kidney was then exposed by a subcostal incision, suspended on a Lucite holder, and its surface illuminated with a fiberoptic light source and bathed with isotonic NaCl. The left ureter was catheterized with PE-1O tubing.
To compensate for the loss of plasma associated with anesthesia and surgery (24) , the following protocol for maintaining the euvolemic state was used. After insertion of the jugular catheters, isoncotic rat plasma was infused for 20-30 min in a total amount equal to 1% of body weight, followed by a reduction in infusion rate to 0.4 ml/h for the remainder of the experiment to maintain the baseline hematocrit (Hct) value obtained immediately after induction ofanesthesia. After a 60-min equilibration period, two 20-min timed urine collections were made. 140-,l samples of femoral arterial blood were collected midway through each clearance period.
Micropuncture measurements were carried out as follows. Exactly timed (1-1.5 min) samples of tubule fluid were collected from surface proximal convolutions for determination of flow rate and inulin concentration, and calculation of SNGFR. Samples of efferent arteriolar blood were aspirated for determination of protein concentration. (25) . Values for protein concentration, and thus colloid osmotic pressure, for femoral arterial plasma are taken as representative of values for these parameters for the afferent end of the glomerular capillary network. These estimates of preglomerular and postglomerular plasma protein concentration permit calculation of single nephron filtration fraction, glomerular capillary ultrafiltration coefficient (Kf), QO, glomerular and postglomerular blood flow rates, and single afferent and efferent arteriolar resistances (RA and RE, respectively), using equations described previously (25) .
Morphology. Rats in groups 5 through 8 followed for 12 wk after ablation were prepared for morphologic examination. Kidneys were fixed by perfusion at the measured arterial pressure with 1.25% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). After perfusion fixation, one or two 3-4-mm-thick coronal sections through the mid portion of the remnant kidney were postfixed in 4 g/100 ml buffered formaldehyde solution and processed for light microscopy through paraffin embedding. Sections 3 Mm in thickness were stained with hematoxylin/eosin and by the periodic acid-Schiff technique. The frequency of focal and segmental sclerosis was determined by examining all glomerular profiles (average, 218) contained in one coronal section from each animal. Segmental lesions were specifically defined as area of the tuft showing collapse of the glomerular capillaries, often accompanied by hyaline deposition and/or adhesion of the tuft to Bowman's capsule. For each animal, the number ofglomeruli with segmental lesions was expressed as a percentage of the total number ofglomerli counted.
Other glomerular changes, such as expansion of the mesangial areas and abnormalities of arteries and arterioles, were assessed nonquantitatively by light microscopy. Small, randomly selected fragments of cortex were also processed by osmium postflxation and epoxy-resin embedding. I-Mm-thick epoxy-resin sections were stained with 1% toluidine blue in 1% aqueous borax and examined by light microscopy for further delineation of glomerular lesions.
Analytical. The volume of fluid collected from individual proximal tubules was estimated from the length of the fluid column in a constant bore capillary tube of known internal diameter. The concentration of inulin in tubule fluid was measured, usually in duplicate, by the microfluorescence method of Vurek and Pegram (26) . Inulin concentrations in plasma and urine were determined by the macro-anthrone method of Fuhr et al. (27) . Protein concentrations in efferent arteriolar and femoral arterial blood plasma were determined, usually in duplicate, using a fluorometric method developed by Viets et al. (28) . Urinary protein concentration was measured by precipitation with 3% sulfosalicylic acid (29) .
Statistical. Statistical analysis was performed by one-way analysis of variance followed by computation of modified t values and multiple pairwise comparisons according to the method of Bonferroni (30) . Statistical significance was defined as P < 0.05.
Results
General. MP-treated rats tended to lose more body weight than did untreated rats during the first 2-4 wk after renal ablation. Thereafter, all groups gained weight at comparable rates. Food and water intake were measured at random time points and were comparable among groups. Random blood glucose levels in MP-treated rats were never above the normal range, excluding the possibility of steroid-induced hyperglycemia.
868 Systemic blood pressure. Untreated rats subjected to fivesixths nephrectomy developed systemic hypertension within 2 wk of renal ablation. As demonstrated in Fig. 1 , systolic blood pressure in group 5 rats averaged 160±9 mmHg (SEM) by 2 wk, and were maintained at values equal to or exceeding this level throughout the observation period. Hypertension ofsimilar magnitude was observed in rats given MP. Despite equally extensive renal ablation, the development of systemic hypertension was largely prevented in rats treated with CEI alone or with MP/CEI (both P < 0.005 vs. group 5).
Micropuncture studies. Table I summarizes the mean values for body weight, Hct, whole kidney GFR, AP, SNGFR, and the pressures, flows, and resistances governing glomerular ultrafiltration in groups 1 through 4 studied 2 wk after ablation. There were no significant differences in body weight or Hct among the four groups. Values for AP were comparably elevated in untreated and MP-treated rats, whereas systemic hypertension was absent in both groups receiving CEI (both P < 0.05 vs. group 1). Groups 2 through 4 exhibited numerically higher values for whole remnant kidney GFR compared with untreated group 1 rats.
Single nephron hyperfiltration was apparent in all groups, with values considerably higher than those seen in normal rats (14) . In the untreated group 1 rats, single nephron hyperfiltration resulted from elevations of QA, which averaged 219±18 nl/min, and AP (53±2 mmHg). Since values for proximal tubule hydraulic pressure were equivalent in all groups, alterations in AP reflected differences in values for the mean glomerular capillary hydraulic pressure (PGc). Administration of benzazepril (group 4) resulted in slightly but not significantly higher values for both QA and SNGFR as compared with the untreated group 1 rats. Converting enzyme inhibition with this agent, as has been shown using the CEI enalapril in rats with renal ablation (1 1, 12), resulted in control ofglomerular capillary hypertension, so that values for AP (35±2 mmHg) were maintained at near normal levels (P < 0.001 vs. group 1). Values for Kf were preserved at normal levels with CEI (P < 0.001 vs. group 1). Values for efferent arteriolar hydraulic pressure, afferent arteriolar protein concentration, and colloid osmotic pressure were comparable in all groups. Values for efferent arteriolar protein concentration and colloid osmotic pressure in group 4 were slightly lower than in group 2 rats.
Administration of MP to group 2 rats produced important alterations in the hemodynamic determinants of glomerular ultrafiltration. SNGFR values were higher than in group 1 due to even further elevations of QA (311±18 nl/min) and AP (70±2 mmHg) (Table I) . Enhanced glomerular perfusion resulted from a further reduction in total renal resistance, with a proportionately greater fall in afferent than efferent resistance. Transmission of systemic hypertension to the glomerular capillary network was thereby enhanced, resulting in extreme glomerular capillary hypertension and elevation of AP. As in the untreated group 1 rats, glomerular capillary hypertension in the MP-treated group was associated with depressed values for Kf compared with values seen in normal rats (14) .
In the group 3 rats, concurrent administration of CEI to MP-treated rats resulted in control ofsystemic and glomerular capillary hypertension, with values for AP averaging only 39±1 mmHg (P < 0.001 vs. groups 1 and 2). Values for RA were reduced to levels comparable with those in MP-treated rats. RE was reduced as well, thereby preventing the rise in glomerular capillary hydraulic pressure that would otherwise occur. Control ofglomerular hypertension in the MP/CEI rats (group 3) was accompanied by preservation of Kf at normal levels (0.100±0.01 1 nl/(s -mmHg) (P < 0.001 vs. groups 1 and 2).
Proteinuria. Exposure to sustained systemic and glomerular hypertension in the untreated group 5 rats was associated with increasing levels of proteinuria throughout the 12-wk observation period (Fig. 2) . The markedly enhanced glomerular capillary hyperperfusion and hypertension resulting from MP administration were associated with acceleration of proteinuria, so that values in group 6 rats reached twice those in the untreated group 5 rats after 12 wk (P < 0.05). Control of systemic and glomerular capillary hypertension with CEI in groups 7 and 8 maintained protein excretion values at nearnormal levels, with virtually no progression over the 12 wk of study (both P < 0.05 vs. groups 5 and 6).
Structural alterations. At the end of the 12-wk observation period, untreated group 5 rats showed prominent and widespread glomerular alterations characterized by focal and segmental collapse of capillaries, hyaline deposition, and adhesion of the glomerular tuft to Bowman's capsule (Fig. 3 a) . These areas of collapse often contained vacuolated cells surrounded by basement membrane and matrix material. Focal and segmental obsolescence of the glomerular capillary tuft as described above was present in 18.5±2% of glomeruli in the untreated group 5 rats (Fig. 4) . In addition, occasional glomeruli in untreated animals showed microaneurysm formation identical in appearance to the lesions described previously in mineralocorticoid-salt hypertension (15 ies and arterioles showed rare hypertrophic changes of their media with minimal hyaline deposition. Qualitatively similar changes were observed in MP-treated group 6 rats. In addition, microthrombosis was frequently observed in segmentally damaged glomeruli in group 6 (Fig. 3 b) . The incidence oflesions in MP-treated rats was twice that of the untreated group, involving 40.5±6% of glomeruli (P < 0.05 vs. group 5) (Fig. 4) . In contrast, animals treated with MP/CEI (group 7) or CEI alone (group 8) showed minimal or no structural alterations (Fig. 3  c) , with segmental glomerular lesions limited on average to 4±1% and 1.3±0.5% of glomeruli, respectively (both P < 0.05 vs. groups 5 and 6) (Fig. 4) .
Discussion
The efficacy of glucocorticoids as antiinflammatory and immunomodulatory agents, and their success in treatment of glomerular diseases such as membranous glomerulonephritis (31) (38) or even more rapid than (39) that seen in patients treated with lower doses. In patients receiving alternate day prednisone therapy for the nephrotic syndrome, it has been reported that proteinuria increases on the days therapy is given, in association with a numerical increment in GFR (40), compared with non-treatment days. Controlled clinical trials in patients with lupus nephritis indicate that the probability of retaining renal function is greater in patients treated with cytotoxic drugs and low dose prednisone than in those treated with high dose prednisone alone (1-4). These observations confirm those previously documented in murine models of lupus nephritis (4, 39, 41). Recent advances in the relatively safe administration ofcytotoxic agents, together with the failure of steroids to effectively retard glomerular injury in experimental and clinical lupus nephritis, suggest that reevaluation of the role of glucocorticoid therapy in some glomerular diseases may be warranted.
The current findings suggest a hemodynamic basis for these older reports of steroid-induced disease acceleration. Glomerular capillary hyperfiltration, hyperperfusion, and particularly hypertension have been implicated as hemodynamic mediators of the structural injury that eventuates in rats with renal ablation (10-12, 16-19 ). In the current study, removal of five-sixths of the functioning renal mass again produced this hemodynamic pattern, with the expected development of proteinuria and glomerular sclerosis.
Administration of MP resulted in a slight elevation in systemic arterial pressure as compared to the untreated remnant kidney rats, although this increment did not achieve statistical significance. However, recent studies suggest that systemic hypertension may not cause significant glomerular injury unless rather than systemic hypertension contributed to the resultant glomerular injury, and that if this mild increase in systemic hypertension did contribute to the accelerated renal injury, that enhancement of glomerular hypertension may well have been the mechanism of injury.
In contrast to the minimal effects on systemic hypertension, steroid administration dramatically aggravated the adaptive glomerular hemodynamic response to reduction of renal mass. As compared with the untreated group 1 rats, MPtreated group 2 rats exhibited a further reduction in renal vascular resistance due to reductions in both RA and RE (Fig. 5) . Because the decrease in RA was proportionately greater than that in RE, glomerular capillary hydraulic pressure increased even further. In the rats receiving MP/CEI (group 3) or CEI alone (group 4), both MP and reduction of systemic arterial pressure contributed to comparable reductions in values for RA (Fig. 5) . However, in contrast to the findings in group 2, CEI therapy resulted in significantly reduced values for RE as well. In these latter groups, the concomitant reduction in RE served to offset the reduction'in RA, so that PGC and therefore AP were reduced to near-normal levels.
In all four groups, intrarenal vasodilatation resulted in elevation of QA, which contributed to single nephron hyperfiltration. In the untreated group 1 and MP-treated group 2 rats, single nephron The present finding that glucocorticoids accelerate renal injury in a non-immunologic model of progressive renal disease is in accord with previous experimental studies in normal animals (36) as well as in mouse models of lupus nephritis (4, 39, 41) . Unfortunately, the absence of a rat model of lupus nephritis precludes a study of glomerular hemodynamics in this specific renal disease. However, inhibition of the reninangiotensin system with CEI (48) or with saralasin (49) may improve renal function (49) and improve outcome (48) in rats with puromycin nephrosis, a model of glomerular disease which, like human lupus nephritis (50) , is characterized by absence of systemic hypertension and depression of single nephron filtration due to decreased values for K&. Clearly, further studies of the potential hemodynamic consequences of steroid administration as well as concurrent inhibition of the renin-angiotensin system will be required to determine the applicability of the current findings to other models of glomerular injury.
The renal hemodynamic effects of alternative antiinflammatory agents such as cyclophosphamide and azathioprine have not been well characterized. More information is available regarding the immunosuppressive agent cyclosporin A, which produces renal vasoconstriction in humans (5 1) as well as in rats (52) . Therapy with cyclosporin has been reported to reduce proteinuria in several experimental models of immune-mediated renal disease (53) (54) (55) , as well as to retard the progression of non-immunologic glomerular injury in rats with renal ablation (56) . It is presently unknown whether hemodynamic factors play a role in the protection afforded by these agents. 
RA
In summary, we have shown that chronic administration ofglucocorticoids to rats with extensive ablation of renal mass is associated with striking acceleration of glomerular injury due to further enhancement of the already elevated intraglomerular pressures and flows. Control of systemic and glomerular hypertension with concurrent administration of CEI results in protection against steroid-induced acceleration of progressive renal disease. Whether these undesirable hemodynamic effects of chronic steroid therapy occur in humans with renal disease or allografts, and whether they enhance the risk of progressive injury, remain to be determined.
